Reliability Assessment of Interconnected Generation Systems Based on Hourly Wind Speed Probability Model  by Shi, Wen-Hui & Chen, Jing
Energy Procedia 12 (2011) 819 – 827
1876-6102 © 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of University of Electronic Science and Technology of 
China (UESTC).
doi:10.1016/j.egypro.2011.10.108
Available online at www.sciencedirect.com
 
Available online at www.sciencedirect.com
 
Energy 
Procedia   
          Energy Procedia  00 (2011) 000–000 
www.elsevier.com/locate/procedia
 
ICSGCE 2011: 27–30 September 2011, Chengdu, China 
Reliability Assessment of Interconnected Generation Systems 
Based on Hourly Wind Speed Probability Model 
Wen-Hui Shia*, Jing Chenb  
a Renewable Energy Department, China Electric Power Research Institute, No.15 Xiaoying East Road, Qinghe, Beijing 100192, 
China. 
b Department of Electrical Engineering, Xi’an Jiaotong University, Xi’an, 710049, Shanxi, China. 
 
Abstract 
Hourly wind speed probability distribution models are established, and based on them, wind speed is sampled. 
Considering the output characteristics of different type wind turbines and the wake effects between wind turbines, 
wind farm output model is formulated. With IEEE-RTS 24-node case including wind farms, multi-area analysis 
method and sequential Monte Carlo simulation method are used to perform the reliability assessment of the 
interconnected generation systems incorporating wind power. This paper takes the sequential correlation of wind 
speed and load as well as the affection factors on wind farm output into fully account, therefore the reliability 
assessment of power system incorporating wind power is more objective and accurate. 
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1. Introduction 
With the growing problem of energy crisis and environment pollution, developing renewable energy, 
especially wind power, became the emphasis of mangy countries. However, wind power integration will 
threaten the reliability, security and stability of power system because of the randomness and volatility of 
wind. So the study on the influence of wind farm integration on power system reliability urgently needs 
carried out as the wind power integration ratio increases rapidly.  
Unlike conventional generators, the output power of wind turbines is influenced by wind [1-3]. So 
obtaining accurate wind data is of great importance to reliability evaluation of power system 
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incorporating wind farms. At present, the mainly methods for wind speed description are time series 
analysis and simulation method. Time series analysis method [4-7] is using time series formula to forecast 
wind speed of a specific time by historical wind speed data of the past several hours, which usually is 
used to short-term forecast. Simulation method is fitting a wind speed probability distribution function by 
hourly wind speed data of a whole year, such as Rayleigh distribution [8-9], Lognormal distribution [10], 
Weibull distribution [11-13] and so on. And then sampling wind speed to form time series wind speed 
sequence. However, this time series wind speed sequence obtained by simulation method is not actual 
time series sequence and can’t be used to simulate wind farm’s actual time series characteristic or its 
relation with load. So establishing accurate wind speed model and wind farm reliability model is key of 
reliability assessment of the interconnected generation systems incorporating wind power.  
This paper establishes wind speed probability distribution model per six-hour by Maximum Likelihood 
Estimation method using 60 years historical wind speed data in NCAR, and samples time series wind 
speed. This paper also establishes wind farm reliability model considering the output characteristics of 
different type wind turbines and the wake effects between wind turbines. Taking the constraint of power 
balance, transmission and the influence of geographical factor into consideration, this paper separates 
researched power system into several interconnected areas, then perform reliability assessment of the 
interconnected generation systems (IEEE-RTS 24-node case including wind farms) by sequential Monte 
Carlo simulation method. 
Sampling wind speed by hourly wind speed probability distribution model, as well as considering the 
influence factors to wind farm output and the sequential correlation between wind speed and load, can 
simulate wind farm’s actual sequential characteristic more accurately. This paper will perform reliability 
assessment of the interconnected generation systems incorporating wind power and can provide theory 
guide to power system planning.  
2. Wind Farm Reliability Model 
2.1. A Hourly wind speed probability distribution model 
This paper uses 60 years 10 meters and 42 meters historical wind speed data per six-hour in NCAR. 
According to the wind shear function, the wind speed sequence on wind turbine wheel height is obtained. 
Wind speed reliability functions per six-hour by Maximum Likelihood Estimation method are fit. The 
likelihood function estimate value of every function are compared to choose the function with max 
likelihood function estimate value as the best fitting function. 
The wind shear function can be described as[14]:  
0 0
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＝                                     (1) 
where 0V  is the measured wind speed at the height of 0H , V is the measured wind speed at the height of 
H. Usually the value of 0H  is 10meters, n=0.1～0.4 according to wind speed, roughness and atmosphere 
distribution. 
Wind speed probability distribution function per six-hour is fitting by two-parameter Weibull 
distribution, Rician distribution, Rayleigh distribution and Normal distribution and the results show that 
two-parameter Weibull distribution method can fitting most time’s wind speed probability distribution 
(87.19%). The other time can be better fitted by Rician distribution (7.60%), Rayleigh distribution (5.07%) 
and Normal distribution (0.14%), but the likelihood function estimate values using last three methods is 
very near to the value by two-parameter Weibull distribution, so it is assumed that all the wind speed 
obey the two-parameter Weibull distribution for simplicity, the distribution function is[15]:  
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where a is scale parameter, represents average speed; b is shape parameter, represents gradient; V is the 
given wind speed value, m/s.  
2.2. Wind farm output model 
According to wind turbine output characteristic and multiple wake model, wind turbine output model 
is established. And then adding all wind turbine output power together can get wind farm output model. 
2.2.1. Wind turbine output characteristic 
The relation between wind turbine output and wind speed is: 
2 31 ( , )
2 P
P R C Vρπ β λ=                              (3) 
where P is mechanical power got from wind by wind turbine(W), ρ  is air density ( 3kg/m ), R is wind 
turbine impeller radius (m),  /R Vλ ω= is wind turbine top blade speed ratio, ω  is wind turbine speed 
( rad/s ), V is wind speed at the height of wind turbine wheel, β  is pitch angle ( deg ), pC is the wind 
turbine energy conversion efficiency ratio: 
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2.2.2. Multiple wake model 
This paper uses the multiple wake model, which originated from Jensen wake model, to analyze the 
wake effect of wind turbine, the schematic diagram of Jensen is provided as fig. 1. 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Wake effect of WTG                                                Fig. 2 Projection of downstream WTG in the wake area of upstream WTG 
The project of downstream wind turbine in the wake region of upstream wind turbines is showed in fig. 
2, overlapA is the area projected by downstream wind turbine in the wake region of upstream wind turbine i, 
rotorA  is the area covered by blade of downstream wind turbine. The output power loss caused by 
upstream wind turbine i is:  
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where tC  is impetus coefficient of wind turbine which has relation with wind speed and wind turbine 
configuration, k  is wake loss coefficient, which is proportional with wind turbulence intensity:  
0( ) /w Gk k Uσ σ= +                                        (6) 
where Gσ  is wind turbine turbulence mean square error, 0σ is natural turbulence mean square error, U is 
average wind speed, wk  is empirical constant.  
The multiple wind speed wake loss of downstream wind turbine located at the wake region of many (N) 
upstream wind turbines can be formulated as: 
2
1
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2.3. Wind farm output sampling 
Because two-parameter Weibull distribution can be used to fit wind speed probability distribution 
function at any time, and Weibull distribution function is monotone increasing and its inverse function 
can be explicitly expressed, wind speed value of any time within a year can be sampled through inverse 
function sample method. Wind speed sequential curve of a whole week, such as figure.3, can be sampled 
according to wind speed probability distribution function per six-hour. 
Wind farm output sample result can be obtained using wind farm output model on the basis of the 
wind speed sample result above.  
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Fig. 3 hourly sequential wind speed variation curve 
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the sample algorithm using inverse function is  
();u rand=                                       (8) 
[ ]1ln( ) bv a u= −                               (9) 
The principle of sequential wind farm output sample is showed in fig.4. 
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Fig. 4 Flow chart of sequential wind power sampling 
3. Reliability Assessment of Interconnected Power System 
3.1. Reliability model of every component  
Two-state model of generator and line are used. And their state sustain constant obeys exponential 
distribution. Sequential load model is used for the affection research of correlation between wind speed 
and load on reliability of power systems incorporated with wind power.  
3.2. Sequential Monte Carlo simulation procedure  
According to the method above, the procedure of performing reliability assessment of the 
interconnected generation systems incorporated with wind power by Monte Carlo simulation method is 
shown as fig. 5. 
3.3. Reliability indices  
This paper will use the model and method above to calculate reliability index of LOLP, LOLE and 
LOLD [16], wind generation LOEE Benefit (WLOEEB), wind generation LOLE Benefit ( WLOLEB) and 
wind generation LOLD Benefit (WLOLDB) [17-18]. 
4. Numerical Example 
Calculation is conducted on the IEEE-RTS 24-node reliability test system [19] including wind farm with 
above model and method. The wind farm comprised of 25 wind turbines each with rated capacity of 
2MW. 
According to geographical constraints, the system is divided into four areas (A1, A2, A3, A4), in 
which A1 and A2 are merged to the region P1, A3 and A4 are merged to the region P2, which is shown in 
Figure 6. Assumed Wind farm is connected to the bus 8. 
The areas power generation redundancy of the test system before integration of wind farm is shown in 
Table 1. Generating capacity of the area A1 and A2 (belonging to region P1) is short seriously. 
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Generation capacity of area A3 and A4 (belonging to region P2) is abundant. In order to ensure the 
reliability of the system, region P2 need to provide electricity support for region P1. A1 and A2 are linked 
through four contact lines with total capacity of 700MVA. A3 and A4 are linked through two contact 
lines with total capacity of 1000MVA. The power transmission constraint between P1 and P2 is 
1200MVA. The power transmission support can be implemented among areas under the above constraints. 
4.1. Affection of new wind farm capacity on the system reliability 
The changes of the system reliability indices after integration of wind farms with different capacity in 
test systems are shown in Table 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Flow chart of sequential Monte Carlo simulation                              Fig. 6 Regional system topology 
Table 1: Regional generation capacity abundance 
Regions areas 
Power 
generation
（MW） 
Load 
（MW）
Power 
generation 
abundance 
of areas
（MW） 
Power 
generation 
abundance 
of regions
（MW） 
P1 
A1 192 608 -416 
-648 
A2 492 724 -232 
P2 
A3 1170 750 420 
903 
A4 1251 768 483 
 
Table 2 shows that the system reliability level has increased after the integration of the wind farm, and 
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with the increased capacity of the wind farm integration to the system, the reliability level of system 
increased gradually. But the improved effect of new added wind farm capacity to the system reliability 
level shows the law of marginal diminishing, which is shown in Figure 7. Therefore, the system reliability 
and economy should be taken into account from the point of overall view when planning wind farms. 
Table 2: Reliability indices changes with wind power capacities  
Wind power 
capacities 
（MW） 
LOLP LOLE(day/year)
LOEE 
(MWh/ 
year) 
LOLD
（hour/ti
me） 
0 0.003844 1.403  1113.3   4.938 
50 0.003603 1.315  993.0   4.540 
100 0.003444 1.257  919.1   4.158 
150 0.003342 1.22  889.8   3.851 
200 0.003236 1.181  836.1   3.513 
250 0.003112 1.136  781.5   3.183 
300 0.002984 1.089  738.9   2.975 
350 0.002901 1.059  708.7   2.790 
400 0.002858 1.043  691.0   2.656 
450 0.002803 1.023  663.6   2.525 
500 0.002729 0.996  634.6   2.401 
 
 
Fig. 7 WLOLEB, WLOLDB, WLOEEB variation curve with wind farm capacity 
4.2. Changes of reliability indices with the months and seasons 
The reliability indices with the changes of months and seasons are obtained considering the sequential 
correlation of wind speed and load, which is shown in Table 3. We can see that the level of system 
reliability in spring is higher, and which is lower in summer. The load is lighter, and wind resources is 
rich in spring, and the wind farms contribute more, so the system reliability level in spring increased 
significantly, while which is opposite in summer. The maintenance of units should try to avoid the 
months or seasons with a lower level of system reliability. 
The correlation curve of output level, load level and the LOLE (day / year) of the wind farm in every 
month is shown in Figure 8.We can know from the figure that the system reliability level is negatively 
correlated with the load level, and positive correlated with the output level of the wind farm. 
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Table 3: Monthly and seasonally reliability indices                                   Fig. 8 The correlation curve of wind farm output level, load  
level and LOLE (day / year) 
month LOLE (day/year) season 
LOLE 
(day/year) 
12 0.069 
winter 0.080 1 0.141 
2 0.031 
3 0.005 
spring 0.003 4 0.000 
5 0.029 
6 0.259 
summer 0.330 7 0.592 
8 0.140 
9 0.035 
autumn 0.017 10 0.003 
11 0.012 
 
4.3. Affection of wind farm access points on the system reliability 
In order to study the affection of wind farms integrating points on the system reliability, it is assumed 
that the concerted transmission capacity limitation between region P1 and P2 is 700MW, and this 
capacity can ensure the required electricity transmission of load before wind farm integration. 
Figure 9 shows the change curve of LOLE (day / year) of different integration points in wind farms 
with the change of wind farm capacity. The figure shows that the system reliability level is improved with 
the increasing wind farm capacity, and because of the transmission capacity limitation between P1 and P2, 
the system reliability is lower when wind farm is integrated in sending region P2 with plenty of electric 
power compared to integrating to receiving region P1 with short electric power. So it is suggested that 
wind farm should be integrated in the region with relative lack electric power in planning of power 
system including wind farms, while the inter-region network structure should be strengthened to improve 
the system reliability level effectively. 
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Fig. 9 The curves of LOLE (day/year) changing with the wind farm capacity under different integration points 
5. Conclusion 
Based on the hourly wind speed probability distribution models and wind farm output models 
considering output characteristics of different type wind turbines and the wake effects between wind 
turbines, IEEE-RTS 24-node case including wind farms is used to study the affection of added wind farm 
capacity on the system reliability, the changes of system reliability indices with month and season after 
wind farm integration and affection of different integration points on system reliability.  
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The results showed that with the increased capacity of the wind farm integrating to the system, the 
system reliability level increased gradually, and presenting the law of marginal diminishing. The system 
reliability level is affected by wind speed and load fluctuation with wind farm integration, and it is more 
obvious with the change of months and seasons. The system reliability level can be improved 
significantly when the wind farm is integrated in region with short electric power in weak power gird. 
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